The effectiveness of high-temperature, short holding time (HTST) pasteurization and homogenization with respect to inactivation of Mycobacterium avium subsp. paratuberculosis was evaluated quantitatively. This allowed a detailed determination of inactivation kinetics. High concentrations of feces from cows with clinical symptoms of Johne's disease were used to contaminate raw milk in order to realistically mimic possible incidents most closely. Final M. avium subsp. paratuberculosis concentrations varying from 10 2 to 3.5 ؋ 10 5 cells per ml raw milk were used. Heat treatments including industrial HTST were simulated on a pilot scale with 22 different time-temperature combinations, including 60 to 90°C at holding (mean residence) times of 6 to 15 s. Following 72°C and a holding time of 6 s, 70°C for 10 and 15 s, or under more stringent conditions, no viable M. avium subsp. paratuberculosis cells were recovered, resulting in >4.2-to >7.1-fold reductions, depending on the original inoculum concentrations. Inactivation kinetic modeling of 69 quantitative data points yielded an E a of 305,635 J/mol and an lnk 0 of 107.2, corresponding to a D value of 1.2 s at 72°C and a Z value of 7.7°C. Homogenization did not significantly affect the inactivation. The conclusion can be drawn that HTST pasteurization conditions equal to 15 s at >72°C result in a more-than-sevenfold reduction of M. avium subsp. paratuberculosis.
Heat treatment is the process most frequently used to ensure the quality and safety of milk and milk products. A decade ago, Mycobacterium avium subsp. paratuberculosis-positive PCR signals in pasteurized retail milk were reported (7) . The possible survival of this bacterium under the pasteurization conditions currently used was suggested (18) . M. avium subsp. paratuberculosis is the causal agent of Johne's disease, which is a chronic intestinal infection of cattle and other ruminants and shows some similarities to Crohn's disease, a severe chronic inflammation of the gastrointestinal tracts of humans, and an association of M. avium subsp. paratuberculosis with this human disease has been suggested (references 6, 11, and 22 and references therein). Many alternative causes for the multifactorial disease have been suggested, including familial environmental risk factors for Crohn's disease related to a Western lifestyle, diet, bacteria, and good standards of domestic hygiene and the development of the cold chain (references 11, 13, and 15 and references therein). However, in a recent case-control study the consumption of pasteurized milk could not be associated with an increased risk of Crohn's disease (1) . Several research groups have studied the inactivation of M. avium subsp. paratuberculosis under pasteurization conditions. A number of industrial and pilot scale turbulent-flow pasteurization experiments have been performed (8, 9, 12, 17, 20, 21, 24) . The interpretation and comparison of the experiments and results remain complicated because of the different experimental conditions used. Specific critical factors influencing heat inactivation results have been discussed (12, 14, 16) . Many studies have used laboratory strains of M. avium subsp. paratuberculosis to inoculate milk for inactivation studies. However, the strains from culture collections may have adapted to the laboratory environment and changed their heat resistance and clumping behavior.
It is very important to maintain a turbulent flow and the resulting low residence time distribution (RTD) during pasteurization to ensure that the entire milk volume gets the same treatment. In this study, industrial conditions to achieve hightemperature, short holding time (HTST) pasteurization were simulated on a pilot scale with 22 different time-temperature combinations, ranging from 60 to 90°C at holding times of 6 to 15 s. The heat resistance of M. avium subsp. paratuberculosis in milk was determined with and without additional homogenization, and kinetic parameters were derived.
MATERIALS AND METHODS
Preparation of M. avium subsp. paratuberculosis-contaminated milk. Milk and feces from cows with clinical signs of Johne's disease (paratuberculosis) were obtained from the Centraal Instituut voor Dierziekte Controle, Lelystad, The Netherlands. M. avium subsp. paratuberculosis-containing feces was diluted 1:2 with PFZ (peptone physiological salt solution, 8.5 g/liter NaCl, 1 g/liter peptone). Large particles were removed by brief simple filtering with a hair mesh, and the resulting liquid was stored for 1 to 2 days at 4°C. On the day of the pasteurization experiment, the liquid fecal preparation was used to contaminate M. avium subsp. paratuberculosis-negative raw milk from cows at the experimental farm de Ossenkamp (Wageningen, The Netherlands). The final concentration of viable M. avium subsp. paratuberculosis cells was determined by the culture method on each day of the pasteurization experiment. The initial concentration of M. avium subsp. paratuberculosis in milk varied between experiments and ranged from 10 2 to 3.5 ϫ 10 5 cells per ml. Pasteurization. A pilot plant scale turbulent-flow pasteurizer ( Fig. 1 ) was used to determine inactivation of M. avium subsp. paratuberculosis at temperatures ranging from 60 to 90°C and holding times ranging from 6 to 15 s (see Table 1 ). The pasteurizing system was operated at turbulent flow at 30 liters/h, resulting in a Reynolds number of 3,405. The holding section tube was exchanged to modify the holding times. Between temperature and holding time changes, the equipment was cleaned with steam. All experiments started with the most stringent and ended with the least stringent time-temperature conditions. The temperature was monitored at seven points in the process (Fig. 1) . Additional homogenization of raw milk was used prior to heating with a Rannie type 12.50 homogenizer at 150/40 bar and 15 to 18°C.
Quantitative analysis of M. avium subsp. paratuberculosis in milk. Samples of 40 ml milk, before homogenization and before and after subsequent heat treatment, were obtained aseptically and prepared for culturing. First, the milk samples were cleared by adding 8 ml 18% sodium citrate to disrupt the milk matrix, leaving a clear solution. Subsequently, bacterial cells were collected by centrifugation for 1 h at 6,000 ϫ g (Heraeus Megafuge 1.0 R; Meyvis, EttenLeur, Netherlands). The pellet was resuspended in 0.75 ml PFZ, centrifuged for 10 min at 8,000 ϫ g (Eppendorf 5417R), resuspended in 0.5 ml 0.75% (wt/vol) hexadecylpyridinium chloride (HPC; Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands) in brain heart infusion broth (BHI; Difco), and incubated for 5 h at 37°C. Subsequently, the cells were collected by centrifugation for 10 min at 8,000 ϫ g (Eppendorf 5417R) and resuspended in 1.5 ml PFZ. A most-probablenumber (MPN) method was applied by using triplicate dilution series in mycobacteria growth indicator tubes (MGIT; Becton Dickinson) containing 4 ml Middlebrook 7H9 broth, 500 l OADC enrichment (oleic acid, bovine albumin, dextrose, catalase), 100 l PANTA antibiotic mixture (polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin, all from Becton Dickinson), and 16 l mycobactin J (Synbiotics Europe, Lyon, France) in ethanol at 0.5 mg/ml.
The tubes were inoculated with 0.5 ml of each sample. Growth after 16 to 50
weeks of incubation at 37°C was confirmed by using a two-target IS900-based real-time PCR (21) . Based on the number of M. avium subsp. paratuberculosis culture-positive tubes found, the MPN was determined, with an estimated detection limit of 0.023 cells/ml. Heat inactivation kinetics. Inactivation kinetics were determined by assuming a first-order inactivation reaction of the microbial population C in CFU per milliliter over time t in seconds (equation 1), in combination with an Arrheniustype equation describing the temperature dependence of the specific inactivation rate k (per second) (equation 2) as follows:
where C t is the microbial population after time t (in CFU per milliliter), C 0 is the microbial population in untreated milk (in CFU per milliliter), k is the inactivation constant (1/s), t is the heating time (seconds), lnk 0 is a model constant (theoretical inactivation rate at 0 K) also named the preexponential factor with notation A, E a is the activation energy (in Joules per mole), R is the gas constant (8.314 J/mol ⅐ K), and T is the temperature (K). In this inactivation model, lnk 0 and the inactivation energy E a (Joules per mole) are model constants characteristic for the microorganisms. Model constants lnk 0 and E a can be translated into parameters for the D, z concept of Bigelow (3 b ND, not determined.
concentration above the detection limit and a log 10 C t /C 0 ratio of Ͼ0.5 were used. Model constants were then determined by taking into account heating and cooling trajectories with NIZO Premia (5, 23) and minimizing the square difference between measured and simulated points.
RESULTS
Milk and feces from cows with clinical signs of Johne's disease (paratuberculosis) only sporadically showed a high concentration of M. avium subsp. paratuberculosis. The concentration of M. avium subsp. paratuberculosis in harvested milk was estimated to be much lower than 1 cell/10 ml and was too low for direct use in the pasteurization experiments. Ͼ4.2-to Ͼ7.1-fold reductions, depending on the original inoculum concentrations. Because the detection limit was 0.023 cell/ml and the maximum inoculum concentration was 3.5 ϫ 10 5 cells per ml, the maximum reduction it was possible to measure was 7.1-fold. When fewer cells were present, the maximum reduction measured was correspondingly lower. No significant reduction (maximum 1.5-fold reduction) was found at temperatures between 60 and 66°C and a holding time of 6 s. At other time-temperature combinations, partial inactivation was found, resulting in up-to-4.1-fold reductions. The quantitative data points were used to determine inactivation kinetics. The kinetic parameters determined were E a ϭ 305,635 J/mol and lnk 0 ϭ 107.2. These kinetics correspond to a D value of 1.2 s at 72°C and a Z value of 7.7°C. In Fig. 2 , n-fold reductions calculated with these kinetic parameters are plotted against the n-fold reductions measured. The sum of the square of the differences between measured and calculated data points was 18. This corresponds to a determination coefficient (R 2 ) of 0.98. Inactivation curves of M. avium subsp. paratuberculosis (two-to sevenfold reduction) and the heat inactivation processes used in the dairy industry such as heat treatment at moderate temperature and pasteurization are shown in Fig. 3 . The model simulations showed that under the international standard HTST pasteurization conditions, as used in the Dutch dairy industry, 15 s at Ն72°C, more-than-sevenfold reductions of M. avium subsp. paratuberculosis are achieved. Homogenization was found to increase the MPN count with approximately a factor 10 (n ϭ 3 samples). However, the inactivation rate observed did not reveal any effect of homogenization on M. avium subsp. paratuberculosis inactivation kinetics at different temperatures (Fig. 4) .
DISCUSSION
In this study, the effectiveness of heat inactivation of M. avium subsp. paratuberculosis under turbulent-flow conditions in milk contaminated with naturally infected feces was quantified and modeled. For the experiments, raw milk was inoculated with naturally contaminated feces. M. avium subsp. paratuberculosis contamination levels in raw milk of cows with advanced clinical signs of Johne's disease were too low to be detected by using M. avium subsp. paratuberculosis-specific PCR and culturing. The concentration of M. avium subsp. paratuberculosis in the milk of these cows was estimated to be lower than 1 cell/10 ml. This supports the results of a study that estimated the levels of M. avium subsp. paratuberculosis in raw milk as lower than 8 cells/50 ml (25) . This is too low to ascertain heat inactivation kinetics in a reliable way. Fecal shedding of M. avium subsp. paratuberculosis has been estimated to be up to (2, 24) or greater than 10 8 CFU/g (see references in references 4 and 19), an overestimation of Ͼ100 times compared to our findings of 10 5 to 10 6 , which are close to the 10 5.5
CFU/g used in a modeling approach (19) . Feces of M. avium subsp. paratuberculosis-infected cows, being regarded as the most important source of M. avium subsp. paratuberculosis contamination of milk, were used as the inoculum for the experiments. Still, only a small number (e.g., 1 out of 12) of the fecal samples were found to contain a number of M. avium subsp. paratuberculosis cells sufficient to contaminate a large volume (Ͼ50 liters) of milk. In comparison to batch and laboratory scale studies (6) , in the past 5 years several studies have been published (8, 9, 12, 17, 20, 21, 24) describing (semi)industrial turbulent-flow heat inactivation of M. avium subsp. paratuberculosis in milk (Table  2) . Results are conflicting because of the use of culture collection versus field strains, their history, the presence of clumps, the heating methods used for pasteurization, and recovery and culturing of survivors, as well as the determination of initial and postpasteurization quantities of viable M. avium subsp. paratuberculosis cells (8, 9, 12, 17, 20, 21, 24) . Only limited information is available about the effect of homogenization on the survival of M. avium subsp. paratuberculosis during heat treatment (9) . Overall, a significant reduction of M. avium subsp. paratuberculosis after pasteurization is reported (8, 9, 12, 17, 20, 21, 24) . Some studies (8, 9, 12, 17) have reported survival at high temperatures (Ͼ72°C). However, Grant et al. (8) reported survival of M. avium subsp. paratuberculosis cells after industrial pasteurization. A key difference between the studies of Pearce et al. and Grant et al. is that heated M. avium subsp. paratuberculosis cells were allowed to recover for 24 h at 4°C before testing commenced in the former study. Moreover, a counterflow of not-yet-pasteurized milk was used for cooling in the latter study. Hammer et al. (12) reported a sixfold overall reduction of M. avium subsp. paratuberculosis but also found low numbers of M. avium subsp. paratuberculosis cells surviving heat treatment even at 90°C. Possible reasons for the high heat resistance reported are cell clumps, phagocytosis, and metabolic activity. The heat resistance reported remains unexplained, as does the possible heat activation of M. avium subsp. paratuberculosis that was suggested (12) . Hypothetical underestimation of survival caused by inactivation during the decontamination procedures was expected to be limited in the present study since the same procedure was used before and after pasteurization, although stressed cells do not necessarily behave in the same way as unstressed cells.
In most studies, the inactivation of M. avium subsp. paratuberculosis in raw milk at inoculum levels of 10 1 to 10 8 CFU/ml is reported as n-fold reductions at relevant time-temperature combinations such as 15 s at 72°C (Table 2) . However, mainly laboratory-grown collection strains are used, with the disadvantage that the strains may have adapted to the laboratory environment, including changed heat resistance and clumping behavior. This would result in under-or overestimation of the inactivation achieved in dairy practice. The use of field isolates of M. avium subsp. paratuberculosis, for example, directly from cow manure, such as in the present study, mimics practical worst-case scenarios.
In recent studies, including the present one, quantification of the number of cells surviving heat treatment has been done. This approach has the benefit that derived data can be modeled and inactivation kinetics parameters can be obtained, as is shown in this study.
Spiral and plate heat exchangers and combinations have been used in recent raw-milk turbulent-flow pasteurization experiments. In most cases, heat regeneration was used in a counterflow between processed and unprocessed product. This introduces the possibility of contamination, but some studies showed that the chance of this was minimal in their setups. We opted for independent heating and cooling without regeneration, thus excluding the possibility of postpasteurization contamination with live M. avium subsp. paratuberculosis cells from raw milk. It is very important to maintain turbulent flow and the resulting low RTD during pasteurization to ensure that all of the particles in the milk get the same treatment. Most studies (Table 2 ) report a Reynolds number indicating a turbulent flow, and some studies make note of the RTD in the system while other do not mention this point at all. We used a turbulent flow and a mono pump to ensure a low RTD.
Both BACTEC and Herrold's egg yolk media have been used as growth media for detection of surviving M. avium subsp. paratuberculosis cells after processing. The MGIT system has several advantages over BACTEC. (i) It is nonradioactive and therefore avoids 14 C disposal issues, (ii) MGIT are smaller, (iii) syringes and needles are not required for the addition of supplements or specimens, and (iv) MGIT can be read manually on small UV devices or a transilluminator so there is no need for an expensive automated reader, while similar detection capabilities have been reported (10) . We used MGIT medium without a detection apparatus but used real-time PCR detection for confirmation of growth.
Incubation times ranged from 18 to 52 weeks in the earlier studies. In order to minimize false-negative detection and allow sublethally damaged cells ample time to start growing, final detection was performed after Ͼ48 weeks.
Enumeration of M. avium subsp. paratuberculosis before and after homogenization revealed an increase in the MPN count with a factor of approximately 10, as determined in a small number of samples (three out of three). This could indicate that homogenization increased the number of particles containing cultivable cells, by (stress) activation or disruption of clumps. However, the inactivation rate observed did not reveal any effect of homogenization on M. avium subsp. paratuberculosis inactivation kinetics based on MPN counts at different temperatures.
In conclusion; heat inactivation experiments with a pilot scale pasteurizer mimicking industrial conditions showed a significant reduction in M. avium subsp. paratuberculosis. The model simulations supported the conclusions that under the international standard HTST pasteurization conditions, as used in the Dutch dairy industry, 15 s at Ն72°C, a more-thansevenfold reduction of M. avium subsp. paratuberculosis cell numbers is achieved. There is no significant additional effect of homogenization of M. avium subsp. paratuberculosis-containing raw milk on M. avium subsp. paratuberculosis inactivation kinetics.
